The production of low-cost biofuels in engineered microorganisms is of great interest due to the continual increase in the world's energy demands. Biodiesel is a renewable fuel that can potentially be produced in microbes cost-effectively. Fatty acid methyl esters (FAMEs) are a common component of biodiesel and can be synthesized from either triacylglycerol or free fatty acids (FFAs). Here we report the identification of a novel bacterial fatty acid methyltransferase (FAMT) that catalyzes the formation of FAMEs and 3-hydroxyl fatty acid methyl esters (3-OH-FAMEs) from the respective free acids and S-adenosylmethionine (AdoMet). FAMT exhibits a higher specificity toward 3-hydroxy free fatty acids (3-OH-FFAs) than FFAs, synthesizing 3-hydroxy fatty acid methyl esters (3-OH-FAMEs) in vivo. We have also identified bacterial members of the fatty acyl-acyl carrier protein ( Biofuel research has recently focused on the synthesis of high-energy-density molecules that would serve as gasoline or diesel substitutes. Molecules like butanol, isobutanol, fatty alcohols, fatty acid ethyl esters, and long-chain hydrocarbons have high energy density and limited water solubility and are compatible with existing infrastructures. The cellular pathways that have recently attracted attention are the clostridial pathway for isopropanol and butanol synthesis (12), the amino acid pathway for the synthesis of higher alcohols (3), and the fatty acid pathway for the production of fatty acids (16), fatty alcohols (29), fatty acid ethyl esters (15, 29) , and long-chain hydrocarbons ( Fig. 1) (5, 24, 31, 32) .
Biofuel research has recently focused on the synthesis of high-energy-density molecules that would serve as gasoline or diesel substitutes. Molecules like butanol, isobutanol, fatty alcohols, fatty acid ethyl esters, and long-chain hydrocarbons have high energy density and limited water solubility and are compatible with existing infrastructures. The cellular pathways that have recently attracted attention are the clostridial pathway for isopropanol and butanol synthesis (12) , the amino acid pathway for the synthesis of higher alcohols (3) , and the fatty acid pathway for the production of fatty acids (16) , fatty alcohols (29) , fatty acid ethyl esters (15, 29) , and long-chain hydrocarbons ( Fig. 1) (5, 24, 31, 32) .
Biodiesel is defined as fatty acid monoalkyl esters, and fatty acid methyl esters (FAMEs) are the most common form. Currently, FAMEs are synthesized predominantly via the transesterification of triacylglycerols, coming mainly from plant oils. However, biodiesel production from plant oils encounters various limitations, particularly the availability of oil-seed supplies in suitable quantities and at competitive prices. Direct intracellular FAME synthesis in bacteria is an attractive alternative to current methods of biodiesel production. It bypasses the transesterification and subsequent purification steps, potentially increasing energy yields and lowering production costs. Direct FAME synthesis could be achieved by using the previously described fatty acid O-methyltransferase (FAMT) (EC 2.1.1.15) enzyme. This enzymatic activity which utilizes Sadenosylmethionine (AdoMet) to methylate the carboxyl group of free fatty acids (FFAs) has been described for mycobacteria; however, no genes have been cloned, and no enzymes have been purified ( Fig. 1) (1).
The engineering of bacteria for FAME production via FAMT requires the intracellular production of both FFA and AdoMet. Bacterial fatty acid biosynthesis proceeds via a cytosolic multienzyme system (38) . Fatty acid synthesis in Escherichia coli is tightly regulated at multiple points and is coupled to membrane phospholipid biosynthesis by transcriptional and biochemical controls (19) . In bacteria, there is no specific mechanism for terminating acyl chain elongation; however, plants have a specific class of enzymes, fatty acyl-acyl carrier protein (ACP) thioesterases (FATs) (EC 3.1.2.14), that terminate acyl chain elongation by hydrolyzing the thioester bond of acyl-ACP, thus releasing FFAs. The expression of plant mediumchain FAT in an E. coli strain deficient in fatty acid oxidation results in the accumulation of FFAs in the bacterial culture (10, 11, 14, 20, 23, 35, 37) . In addition to thioesterases, PhaG, a transferase involved in polyhydroxyalkanoate biosynthesis, has been reported to intercept the growing acyl chain during fatty acid biosynthesis (22) . PhaG is a 3-hydroxyacyl-ACP:coenzyme A (CoA) transferase (13) and catalyzes the transfer of 3-hydroxyacyl groups from ACP to CoA. PhaG expression in E. coli leads to the accumulation of 3-hydroxydecanoate (40) . AdoMet, the second substrate of FAMT, is synthesized by the action of methionine adenosyltransferase (MAT), which catalyzes the reaction between methionine and ATP (17, 18) . AdoMet in turn regulates methionine levels by interacting with the global methionine regulator MetJ (26, 36) . MetJ is a re-pressor that controls the expression of the genes involved in methionine biosynthesis (28, 30, 36) , and increased levels of AdoMet downregulate the expression of methionine biosynthetic genes.
In this report, we describe the identification of a bacterial FAMT and the engineering of E. coli to produce FAMEs and 3-hydroxy fatty acid methyl esters (3-OH-FAMEs) by expressing FAMT and novel bacterial FATs that exhibit distinct specificities. The production of FAMEs was further enhanced by increasing intracellular AdoMet levels, by deleting metJ, and by overexpressing MAT.
MATERIALS AND METHODS
Reagents. 3-Hydroxy free fatty acids (3-OH-FFAs) and 3-OH-FAMEs were purchased from Matreya. FFAs and FAMEs were purchased from Sigma. E. coli BL21(DE3) and BL21(DE3)(pLysS) cells were purchased from Novagen. Restriction enzymes were purchased from New England BioLabs. S-Adenosylmethionine was purchased from Sigma-Aldrich, and S-adenosyl-L-methionine (methyl-3 H) was purchased from MP Biomedicals. Gene synthesis was performed by Genscript Inc. The full-length rat MAT (rMAT) clone was purchased from Invitrogen. Genomic DNA for Clostridium acetobutylicum ATCC 824, Geobacter metallireducens, Mycobacterium marinum, and Mycobacterium smegmatis was purchased from the ATCC. Double-expression pETDuet and pCDFDuet vectors were purchased from Novagen.
Bacterial strains. The Keio collection ⌬metJ mutant (4) was purchased from the Yale E. coli genetic stock center, and the metJ mutation was transduced into E. coli strain BL21(DE3) using P1 vir phage transduction. Kanamycin-resistant colonies for ⌬metJ mutants were selected and verified. The integration of the kanamycin cassette was determined by PCR using primers metJfor (5Ј-CGGTA ACGCCTGTACGGTAAACTATG) and metJrev (5Ј-GTCCATGTATAAAAA GCGGTGGGTCGC), which are external to the site of integration. A PCR fragment of 1.6 kb, which was sequenced, confirmed the integration of the kanamycin cassette into the metJ site. All DNA sequencing was performed at the University of California, Berkeley, sequencing facility.
Cloning. Rat MAT was PCR amplified from the full-length clone (clone 7368255; Invitrogen) using primers ratMAT-Nde1F (5Ј-GCACCATATGAATG GACCTGTGGATGGCTTGTGTGAC) and ratMAT-Kpn1R (5Ј-GCACGGTA CCAAACACAAGCTTCTTGGGGACCTC) and cloned into the NdeI-KpnI sites (underlined) of the pETDuet vector, generating an in frame S-tagged protein.
The CAC_3591 gene was PCR amplified from C. acetobutylicum genomic DNA and inserted into the pCDFDuet vector within BamHI and PstI sites (underlined) to generate pCDF-CaFAT; the primers used were cacFATfor (5Ј-CGGGATCCGTCAAAGGTTGTTACTAAAAGAA) and cacFATrev (5Ј-GG CTGCAGTTATGATTTAATAAAATCAGTCTTTATTA).
Mmar_3356 and Msmeg_4347 were amplified from M. marinum and M. smegmatis genomic DNA, respectively, and inserted into the pETDuet vector within the EcoRI and HindIII sites (underlined) to generate pETDuet-MmFAMT and pETDuet-MsmegMT; the primers used were MmFAMTfor (5Ј-CCGGAATTC GCCACGGGAGATCAGGCTG), MmFAMTrev (5Ј-CCGAAGCTTTCAGGC GCGCTTGGCAAG), MsmegMTfor (5Ј-CCGGAATTCGCCCAAATTCCGA GTGGC), and MsmegMTrev (5Ј-CCGAAGCTTTCAGCCCGAGCGGCG).
FAT genes from Clostridium phytofermentans, C. sporogenes, C. tetani, and M. marinum as well as Pseudomonas putida phaG and tesB from E. coli were synthesized by Genscript and cloned into the BamHI-NotI sites of pCDFDuet to generate the respective expression vectors. Synthesized sequences were codon optimized for E. coli expression.
Bacterial growth conditions. The strains used for the thioesterase expression studies were grown in flasks with Luria broth (LB) with shaking at 37°C. For the FAMT expression studies, the cells were grown in flasks with M9 minimal medium supplemented with 2% glucose with shaking at 37°C. The appropriate antibiotics were added to the cultures at the following concentrations: 50 mg/liter ampicillin, 50 mg/liter kanamycin, 50 mg/liter spectinomycin, and 34 mg/liter chloramphenicol. The transcription of heterologous genes was induced by the addition of 0.25 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG) when the cells reached an optical density at 600 nm (OD 600 ) of 0.4 to 0.6. To determine the preferred substrate for FAMT, a fatty acid mixture composed of 400 g of each of the 3-OH FFAs C 6:0 , C 8:0 , C 10:0 , C 12:0 , C 14:0 , C 16:0 , and C 18:0 was dried in a glass vial and resuspended in ethanol. Two hundred fifty microliters of the ethanol-fatty acid mixture was added to 50 ml of culture of FAMT-expressing strains at the time of induction. The same experiment was also conducted with the following FFAs: C 10:0 , C 12:0 , C 14:0 , C 16:0 , C 16:1 , and C 18:1 . The shaking cultures were collected 20 h after induction, and lipids were extracted from cell pellets and supernatants. The extracted FFAs, FAMEs, and 3-OH-FAMEs were separated and quantified as described below.
Lipid analysis. Bacterial cultures were harvested by centrifuging cultures for 20 min at 3,220 ϫ g to separate the pellet from the supernatant. The pellet was resuspended in phosphate-buffered saline (PBS), followed by the extraction of both the pellet and supernatant lipids with chloroform-methanol (2:1). Prior to lipid extraction, 50 g of the internal standards FFA C 17:0 , methyl ester (ME) C 17:0 , 3-OH C 17:0 , and 3-OH-ME C 17:0 was added to both the pellet and supernatant. The lower organic phase was extracted, evaporated, and loaded onto thin-layer chromatography (TLC) Silica Gel 60 plates (250 m thick). FFAs and FAMEs were separated by using the solvent petroleum ether-diethyl ether-acetic acid (95:5:1, vol/vol/vol) (FFA R f ϭ 0.15; FAME R f ϭ 0.41). FFAs, 3-OH FFAs, and 3-OH FAMEs were separated by using petroleum ether-diethyl ether-acetic acid (50:50:1, vol/vol/vol) (3-OH FFA R f ϭ 0.15; 3-OH FAME R f ϭ 0.35; FFA R f ϭ 0.55). The lipids on the TLC plate were visualized by amido black staining (21) , and spots corresponding to FFAs and 3-OH FFAs were scraped into glass vials and derivatized with methanol-sulfuric acid (96:4) at 62°C. The derivatized esters were extracted with hexane and analyzed by gas chromatography (GC). Methyl esters were scraped from the TLC plate and directly extracted with hexane for analysis by gas chromatography. Gas chromatography was performed with a Clarus600 gas chromatogram (Perkin-Elmer) equipped with an Elite-5 column (Perkin-Elmer) and a flame ionization detector for effluent analysis. Hydrogen was used as the carrier gas at an initial flow rate of 2 ml/min for 6 min, dropping to 1.5 ml/min for 8 min with a rate of 0.5 ml/min. The GC program was as follows: an initial temperature of 125°C ramped sequentially to 185°C at 12°C/min, 215°C at 4°C/min, and 275°C at 25°C/min.
Enzyme purification and FAMT assays. The plasmid carrying the FAMT gene was transformed into E. coli BL21(DE3)(pLysS) cells, and expression was initiated by the addition of 1 mM IPTG. The cells were grown overnight at 20°C and harvested by centrifugation, and protein purification was performed by using the Ni-nitrilotriacetic acid (NTA) Spin kit (Qiagen) according to the manufacturer's recommendations. The in vitro FAMT assay was modeled similarly to methyl jasmonate synthase assays (25) . FFAs or 3-OH-FFAs were dried in glass vials, resuspended in 100 mM Tris-HCl (pH 7.8), and solubilized by sonication. The second substrate, AdoMet, was added to the reaction mixture in both cold and radiolabeled methyl-3 H (0.55 Ci per reaction) forms. The substrates were combined in an in vitro reaction mixture also containing 300 mM KCl and purified FAMT in a final volume of 100 l. The reaction mixture was incubated for 30 min at 37°C, and the reaction was stopped by the addition of 100 l hexane to the mixture. After the addition of hexane, the reaction mixture was vortexed and centrifuged; methyl-3 H levels in the organic hexane phase were determined by liquid scintillation.
Mass spectrometry. Samples representing culture pellets or supernatants were derivatized with N,O-bistrimethylsilyl-trifluoracetamide-1% trimethylsilyl chloride (70°C for 30 min). The injection consisted of 1 l, 1:10 split; the injector temperature was 280°C; the oven program was 3 min isocratic at 120°C and then 20°C/min to 320°C and 3 min isocratic; the carrier gas was helium at 1 ml/min; FIG. 1. Overview of the lipid biosynthetic pathways leading to biofuel-related structures. The expression of fatty acyl thioesterases (FATs) leads to the production of free fatty acids (FFAs), which can be converted to (ii) fatty acid methyl esters (FAMEs) by FAMT using S-adenosylmethionine (AdoMet) as the methyl donor or (ii) fatty acid ethyl esters (FAEEs) by the action of a wax synthase (WS). Acyl-ACP can also be converted to fatty alcohols by expressing acyl-ACP reductase (ACR), which is then converted to alkanes by aldehyde decarbonylase. The circled enzymes are overexpressed in our system to produce FAME.
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on July 8, 2017 by guest http://aem.asm.org/ and the mass spectrum was recorded from m/z 50 to 600 at a scan rate of 2.66 scans/s. Samples were derivatized with 0.2 ml dimethyldisulfide and 10 l iodine (60 mg/ml in diethyl ether) at 70°C for 30 min. After cooling to room temperature, 0.2 ml iso-octane-isopropanol (9 ϩ 1, vol/vol) and 0.4 ml sodium thiosulfate (0.5 g/10 ml) were added. After vigorous mixing, the mixture was centrifuged (3,000 ϫ g for 5 min), and the upper phase was derivatized with 100 l N,Obistrimethylsilyl-trifluoracetamide-1% trimethylsilyl chloride at 70°C for 30 min. The injection consisted 1 l, 1:10 split; the injector temperature was 280°C; the oven program was 3 min isocratic at 120°C and then 20°C/min to 325°C and 5 min isocratic; the carrier gas was helium at 1 ml/min; and the mass spectrum was recorded from m/z 50 to 600 at a scan rate of 2.66 scans/s. GC mass spectrometry (GCMS) was performed with an Agilent 7890A gas chromatograph equipped with a Varian FactorFour VF5-ms (30 by 0.25 mm by 0.25 m) capillary column coupled to an Agilent 5975C MSD model.
RESULTS
Identification of bacterial FAMTs. The existence of FAMT enzyme activity was reported previously for mycobacteria (1) . Such a reaction would presumably involve the transfer of a methyl group from AdoMet to the carboxyl group of an FFA, generating FAMEs. Similar reactions have been described previously for plants, such as jasmonate methyltransferase (25), benzoate and salicylate methyltransferase (6) , and gibberellin methyltransferase (34) . These Arabidopsis enzymes form a well-defined protein family, the SABATH methyltransferase family (Pfam03492), and Arabidopsis thaliana contains 24 such genes. BLAST searches of the mycobacterial genomes using Pfam03492 identified genes belonging to the carboxyl methyltransferase enzyme family. We cloned and expressed two genes, one from M. marinum (Mmar_3356) and another from M. smegmatis (Msmeg_4347), in E. coli. These genes share 52% identity in their amino acid sequences, and their closest homolog in the A. thaliana genome is 25% identical (see Fig.  S1 in the supplemental material). To test whether these genes exhibit FAMT activity, we expressed Mmar_3356 and Msmeg_4347 in E. coli and provided either an extracellular mixture of fatty acids or 3-OH fatty acids (Fig. 2) . To ensure adequate AdoMet availability, we performed this set of experiments with BL21 metJ::kan strains. The deletion of metJ prevents the feedback inhibition of methionine synthesis, thus allowing increased levels of methionine for the production of AdoMet (36) . We also utilized a double-expression vector to coexpress rat MAT, an enzyme previously shown to significantly increase AdoMet levels in E. coli (2) , with the mycobacterial methyltransferases. We provided free fatty acids or 3-OH free fatty acids with acyl chain lengths ranging from 10 to 18 carbons. In the cultures expressing the M. marinum gene, we detected the formation of FAMEs and 3-OH-FAMEs; no FAMEs were detected in the absence of a methyltransferase (data not shown). The total concentration of FAMEs in the culture was 1.87 M (Fig. 2A) . Approximately 40% of the FAMEs were detected in the supernatant, while the rest remained in the cell pellet. When cells expressing Mmar_3356 were provided with 3-OH-FFAs, we also detected the formation of 3-OH-FAMEs (Fig. 2B) . However, we detected a much higher concentration of 3-OH-FAMEs in the culture, 25.5 M, than FAMEs. Approximately 94% of the 3-OH-FAMEs were detected in the supernatant. The two predominant methyl esters formed were 3-OH decanoic acid and 3-OH dodecanoic acid methyl esters. These data strongly suggest that the M. marinum gene encodes a functional FAMT with a preference for C 10:0 and C 12:0 3-hydroxy fatty acids.
We performed similar experiments with E. coli cells expressing the M. smegmatis gene. The cells were treated with the same mixture of either FFAs or 3-OH-FFAs as that described above. In these cultures, we were unable to detect FAMEs, only 3-OH-FAMEs, albeit in significantly lower quantities than those with the M. marinum gene (Fig. 2C ). These observations suggest that although Msmeg_4347 has some residual activity against 3-OH-FFAs, its primary substrate may be a different molecule.
In order to determine if Mmar_3356 is sufficient for methyl ester production, biochemical assays were developed to determine if the purified protein exhibits in vitro FAMT activity and to determine its kinetic constants ( Table 1 ). The catalytic efficiency of Mmar_3356 was highest toward C 10 and C 12 3-OHFFAs as substrates. The apparent K m for C 10 3-OH-FFA was 99 M, and that for AdoMet was 80 M (Fig. 3) . The K m was slightly higher for 3-OH C 12 (129 M) ( Table 1) . Kinetic stud- (Fig. 3D ) (7) (8) (9) . These data correlate well with the in vivo observations and support the conclusion that Mmar_3356 has a preference for the soluble C 10:0 3-OH-FFA. Identification of bacterial thioesterases with distinct acyl group specificities. The above-described experiments utilized exogenous fatty acids to generate methyl esters. The in situ generation of fatty acids in E. coli is accomplished by the expression of FATs. Based on the above-described results, we sought to identify FAT enzymes that would generate intracellular 3-OH-FFAs. Many experiments have been performed with plant FATs (11, 14, 20, 23, 35, 37) , but none have reported the generation of 3-OH-FFAs. Therefore, we sought to identify novel FATs with the potential to synthesize the desired 3-OH-FFAs. A computational survey of available genomic data identified a plethora of bacterial genes belonging to the acyl-ACP thioesterase protein family (Pfam01643). These genes are widely distributed, and their sequences are quite divergent, even in organisms of the same phylogenetic group (see Table S1 in the supplemental material). The pairwise identity level of these genes was between 20 and 45%, indicating their significant sequence divergence. To determine whether these genes possess thioesterase activity with distinct specificity compared to that of their plant counterparts, we cloned and expressed 6 bacterial genes in E. coli (Table S1 ). We chose four clostridial genes, CAC_3591 from C. acetobutylicum ATCC 824, CTC00119 from Clostridium tetani E88, CPHY_0251 from Clostridium phytofermentans ISDg, and CLOSPO00958 from Clostridium sporogenes ATCC 15579, and two genes from M. marinum, Mmar_0791 and Mmar_2977. For comparative purposes, we also expressed the A. thaliana fatA gene. Figure 4 shows the specificities of the selected bacterial thioesterases. The overexpression of A. thaliana FATa (AtFATa) in E. coli was previously shown to lead to the formation of C 16:1 and C 16:0 FFAs (11); we observed the same result (data not shown). The expression of bacterial FATs leads to the overproduction of FFAs, although differences in FAT specificities are apparent. Contrary to A. thaliana FATa, the bacterial thioesterases have broader substrate specificities, leading to the accumulation of saturated and unsaturated FFAs with chain lengths ranging between 10 and 18 carbons. The FFAs with shorter acyl chain lengths (C 8 to C 12 ) were found mainly in the supernatant, whereas FFAs with longer acyl chains were distributed among the cell pellet and the supernatant. Furthermore, the expression of C. acetobutylicum and C. phytofermentans thioesterases leads to a significant production of 3-OH-FFAs with acyl chain lengths ranging mainly from C 10 to C 14 . In addition to saturated 3-OH-FFAs, the expression of CAC_3591 and CPHY_0251 resulted in the synthesis of monounsaturated C 12 and C 14 The identity of these compounds and the position of the double bond (omega-7) were verified by mass spectrometry (Fig.  S2 and S3 ). Unlike the bacterial thioesterases, the expression of the plant thioesterase (AtFATa) does not lead to the formation of 3-OH-FFA. 3-OH-FFAs with acyl chain lengths of up to 14 carbons were found mainly in the supernatant, whereas 3-OH-FFAs with longer acyl chains were partitioned among the cell pellet and the supernatant (Fig. 4) . In situ generation of FAMEs and 3-OH-FAMEs. To generate strains that will synthesize FAMEs from endogenously produced FFAs, we coexpressed M. marinum FAMT (MmFAMT) with AtFATa or C. acetobutylicum FATa (CaFATa) (CAC_3591) in shake flask experiments under aerobic conditions. The coexpression of AtFATa and MmFAMT in the presence of rMAT resulted in the formation of FAMEs (Fig.  5A) . The total concentration of FAMEs in the culture was 10.2 M (Fig. 5B) . Approximately 48% of the FAMEs were detected in the supernatant, while the rest remained in the cell pellet (Fig. 5A) . The resulting FAME mixture consisted mainly of methyl palmitate and methyl palmitoleate, with smaller quantities of methyl myristate and methyl myristoleate, matching the profile of the FFAs produced by the Arabidopsis thioesterase ( Fig. 5A and B) . These data indicate that MmFAMT is able to generate FAMEs utilizing FFAs released endogenously by a plant thioesterase. Our results shown in Fig. 2 , utilizing exogenous fatty acids, indicated that MmFAMT exhibits a higher specificity toward 3-OH fatty acids. Thus, we coexpressed CaFAT with MmFAMT in the presence of rMAT, resulting in the synthesis of 3-OH-FAMEs at a final concentration of 33.25 M (Fig. 5C ). The predominant methyl ester was 3-hydroxydecanoic acid methyl ester (30.3 M), with a small percentage of 3-hydroxydodecanoic acid methyl ester (2.95 M) (Fig. 5C ). The majority of the methyl esters (95%) were found in the supernatant, indicating an efficient mechanism for the secretion of 3-OH-FAMEs.
The total quantity of 3-hydroxydecanoic acid produced by CaFAT makes up less than 33% of the total FFAs and 3-OHFFAs (Fig. 4A) . Thus, in order to maximize 3-OH-FAME production, a more efficient enzyme is desirable for 3-OH-FFA production. An alternative pathway for synthesizing in situ 3-OH-FFAs involves the coexpression of the (R)-3-hydroxydecanoyl-ACP:CoA transacylase gene (phaG) from Pseudomonas putida and thioesterase II (tesB) from E. coli (39, 40) . Previous work has shown that the coexpression of phaG and tesB results in significantly higher levels of 3-hydroxydecanoic acid production than the thioesterases that we tested (39, 40) . When we coexpressed phaG and tesB, in addition to 3-OH C 10:0 , the predominant 3-OH-FFAs detected were 3-OH C 14:1 , 3-OH C 14:0 , 3-OH C 16:1 , and 3-OH C 16:0 FFAs (Fig. 6A) . The coexpression of phaG and tesB with FAMT resulted in the accumulation of 3-OH-FAMEs, at 24 and 48 h postinduction, reaching a concentration of 70.5 M at 48 h (Fig. 7) . The majority of these 3-OH-methyl esters (ϳ91%) consisted of 3-OH C 10:0 . In addition to 3-OH-FAMEs, we also detected the production of FAMEs at 24 h (ϳ15 M) and at 48 h (ϳ10 M) (Fig. 7) . It is not clear why there is a decrease in FAME accumulation from 24 to 48 h; there may be some loss due to the volatile nature of FAMEs or the turnover of FAMEs. All of the FAME detected outside the cell corresponded to C 12:0 . A separate set of experiments that included triclosan, a FabI inhibitor implicated in increasing 3-OH C 10:0 production (39, 40) in cells expressing phaG and tesB, led to a slight decrease in the concentrations of all of the 3-OH-FFAs; no increase in the 3-OH C 10:0 concentration was observed (Fig. 6B) . The addition of triclosan in phaG-, tesB-, and FAMT-expressing cells did not result in an increase in methyl ester production, suggesting that triclosan does not significantly affect fatty acid production in our experimental system.
In order to determine how FAME production affects cell growth, we analyzed the growth rates of cultures transformed with plasmids carrying the phaG, tesB, FAMT, and rMAT genes. Compared to uninduced cultures, the induced cells grew at a significantly low rate; however, after about 30 h postinduction, their growth had reached within 75% of the levels of uninduced cells (Fig. 6C) . Analysis of methyl esters revealed undetectable levels until 20 h postinduction, and maximal accumulation was detected at 48 h postinduction (Fig. 7C) .
Regulation of FAME and 3-OH-FAME synthesis by methionine metabolism. An important factor in FAME and 3-OH-FAME biosynthesis via FAMT is the concentration of AdoMet. Previous work reported that the expression of rMAT in E. coli cells leads to increased intracellular levels of AdoMet (2) . To test whether the expression of rMAT leads to increased FAME synthesis, we cloned and expressed rMAT. The coexpression of rMAT with CaFATa and MmFAMT in wild-type E. coli BL21 cells did not result in any significant increase in 3-OH-FAME synthesis (Fig. 8) .
MetJ has been described to be a major regulator of methionine biosynthesis, acting by sensing AdoMet levels and repressing the transcription of the genes operating in the methionine biosynthetic pathway. Experiments utilizing a metJ deletion mutant resulted in an increase of 3-OH-FAME synthesis when CaFAT and MmFAMT were coexpressed (Fig. 8) . In addition, the expression of rMAT in metJ mutants resulted in a further increase in concentrations of 3-OH-FAMEs. These results indicate that intracellular AdoMet concentrations are important determinants of methyl ester formation.
DISCUSSION
The fatty acid biosynthetic pathway has taken center stage in efforts to generate advanced biofuels (Fig. 1) . We report the identification and characterization of a novel methyltransferase that methylates fatty acids and 3-OH fatty acids utilizing AdoMet as the methyl donor. Our bioinformatic analysis iden- 4A) . We attribute these observations to substrate solubility. Most probably, 3-OH tetradecanoic acid is located on the membrane, exhibiting limited solubility, and therefore is inaccessible to MmFAMT, which is clearly a soluble enzyme. The higher specificity of MmFAMT toward 3-OH fatty acids prompted us to investigate the existence of FATs that would be able to generate 3-OH fatty acids. Plant FATs have received broad attention, since they are able to deregulate E. coli fatty acid biosynthesis. However, no publication has reported the generation of 3-OH-FFAs from plant thioesterases. Therefore, we decided to investigate whether the bacterial homologs of plant FATs had similar activities. All six genes that we tested increased FFA levels, indicating that they are active thioesterases. However, only two genes (CAC_3591 and CPHY_0251) generated significant quantities of 3-OH-FFAs, indicating that this activity is not shared by all thioesterases. Although we did not perform direct in vitro assays, we postulate that these FATs act on acyl-ACP rather acyl-CoA, because we obtained similar results when we used fadD mutants that lacked acyl-CoA synthetase activity (data not shown). 3-OHFFAs have been described in the literature as being effective antifungal compounds secreted by Lactobacillus plantarum (27) . This is a probable physiological function of the two bacterial FATs that generate 3-OH-FFAs. However, the physiological function of the bacterial thioesterases that do not release 3-OH-FFAs remains unclear. A combination of FATs and FAMTs leads to FAME and 3-OH-FAME production (Fig. 5) . Besides FATs, the expression of PhaG constitutes an alternative route to 3-OH-FFA production. The combined expression of PhaG-TesB and FAMT leads to the highest concentrations of FAMEs and 3-OH-FAMEs (Fig. 7) , indicating that this pathway may be more efficient in intercepting the growing acyl chain than the FATs described above.
In addition, methyl ester production also depends on the intracellular AdoMet concentrations. Our data suggest that the expression of the MAT enzyme alone is not enough to increase methyl ester production. A deregulation of the transcriptional network that controls methionine and AdoMet biosynthesis by deleting the global regulator MetJ is necessary to increase methyl ester synthesis. These results are consistent with the current model of methionine and AdoMet biosynthesis, which places MetJ as a central regulator that responds to elevated AdoMet concentrations and downregulates the methionine biosynthesis pathway.
The work described in this report provides an alternative route for the synthesis of biofuel molecules. The direct intracellular synthesis of FAMEs and 3-OH-FAMEs in E. coli bypasses the extraction and transmethylation steps currently necessary for biodiesel production. The coexpression of PhaG, TesB, FAMT, and rMAT achieved the highest yield of biodiesel, 80.5 M (16 mg/liter). The FAME yields that we achieved are roughly 40 times lower than the maximal fatty acid ethyl ester yields reported previously and ϳ19 times lower than those of alkanes (24, 29) . However, our results suggest that FAME production can be improved. In PhaG-TesB-expressing cells, FAMT is able to convert virtually all of the 3-OH C 10:0 FFA (90%) into 3-OH C 10:0 FAMEs (Fig. 6C) . This strongly suggests that the bottleneck in methyl ester production in E. coli is due to a lack of an efficient thioesterase that hydrolyzes 3-OH C 10:0 . The main concern arising from the current work is the mismatch between the specificities of the FAMT and FATs that we used. MmFAMT prefers soluble 3-OH C 10:0 and C 12:0 fatty acids; however, these fatty acids represent only a small percentage of the fatty acid pool released by the thioesterases that we identified. Further work will focus on identifying or engineering FAMT and FAT enzymes with similar specificities to explore the limits of direct intracellular FAME synthesis. Furthermore, our in vitro assays with purified FAMT show that C 12:0 fatty acid is an efficient FAMT substrate; however, FAMT-expressing cultures did not produce significant titers of FAME. We hypothesize that this may be due to FAMT being a soluble enzyme distributed within the cytoplasm, while free fatty acids are predominately on the membrane; thus, fatty acids are unlikely to have a significant interaction with FAMT. Localizing FAMT to the cytoplasmic side of the inner membrane may lead to significantly more interactions with fatty acids and, therefore, significantly higher levels of FAME production. The pathway described here is a first step in the generation of FAMEs and, with further optimization, may lead to the production of a cost-efficient next-generation biofuel.
